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ABSTRACT AND KEYWORDS 
 Hibernation in mammals involves a suppression of metabolic rate thereby 
conserving energy. Many hibernation studies focus on the mitochondria due to their 
energy-producing role. I hypothesized that this pattern of rapid suppression of liver 
mitochondrial metabolism with gradual reversal, was related to changes in the 
phosphorylation state of Ictidomys tridecemlineatus’ mitochondrial proteins in different 
stages of torpor bouts. Phosphorylation of threonine and serine amino-acid residues 
(unique to 49, 41 and 47, 38 kDa proteins respectively), detected using immunoblotting, 
changes seasonally (threonine: summer active > winter, serine: summer active > torpor), 
whereas no seasonal difference was observed in phosphotyrosine residues. Changes in 
protein phosphorylation among hibernation-specific metabolic stages do not correlate 
with mitochondrial respiration. Season-dependent differentially phosphorylated proteins 
were identified via MALDI-TOF/TOF MS (F1-ATPase α-chain, long-chain specific acyl-
CoA dehydrogenase, ornithine transcarbamylase) and potential hibernation-specific roles 
are discussed. 
 
 
Keywords: Hibernation, Phosphorylation, Thirteen-lined ground squirrel, Mitochondria, 
Torpor, 2D BN-PAGE, Post-translational modification 
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CHAPTER 1 
INTRODUCTION 
1.1 Animal and environment thermal relations 
Animals are often faced with environmental conditions that challenge their ability 
to maintain homeostasis. Of the abiotic factors that affect animals, ambient temperature 
(Ta) poses one of the greatest selective pressures. The vast majority of animal species are 
poikilothermic ectotherms and do not produce large quantities of metabolic heat. As such, 
their core-body temperature (Tb) and metabolic rate is influenced by Ta. This temperature 
dependence is largely due to the effect that temperature has on the rate of biochemical 
reactions, with a 10°C change typically resulting in a 2-3 fold change in metabolic 
activity, known as the Q10 effect (Moyes and Schulte 2008). To mitigate this thermal 
effect, ectotherms exhibit behavioral and acclimatory responses that allow them to thrive 
in virtually all thermal environments. One presumed adaptive benefit of the ectothermal 
strategy is a low energetic demand, unlike homeothermic endotherms. 
While also subject to the effect of Ta on biochemical reactions, homeothermic 
endotherms produce significantly more metabolic heat than poikilothermic ectotherms. 
Combined with adaptive mechanisms that allow for the selective retention of much of 
this heat, homeothermic endotherms are able to maintain a fairly high and constant Tb. 
This thermally-constant internal environment allows endotherms to function optimally 
under a wide range of Ta, effectively free of the limitations of the Q10 effect. In spite of its 
adaptive benefits, homeothermic endothermy is energetically costly, requiring far greater 
energetic input when compared to poikilothermic ectotherms. For example, bearded 
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dragon lizards and rats, an equivalent-sized reptile and mammal, exhibit an 8-fold 
difference in respiration rate when held at the same Tb (37°C; Else and Hulbert 1981). 
This higher energetic demand is problematic when homeothermic endotherms experience 
Ta below the lower critical temperature of their species-specific thermal range known as 
the thermoneutral zone (TNZ). Beyond this lower critical temperature, in order to 
regulate Tb, homeothermic endotherms must increase heat production, and thereby 
metabolic rate (MR), to compensate for increased heat loss (e.g., use of brown adipose 
tissue, and shivering; Moyes and Schulte 2008). Indeed, homeothermic endotherms 
consume much more food each day when compared to equivalent-sized poikilothermic 
ectotherms (Hill et al. 2008). Some small endotherms rely on caches built during the 
summer or constant foraging (e.g., tree squirrels and deer mice respectively) to survive 
periods of low environmental energy availability and Ta, conditions associated with the 
winter. Other endotherms utilize avoidance strategies, such as leaving their home range in 
search of more hospitable environments (e.g., migration) or temporarily reducing 
metabolic demand and Tb (e.g., hibernation). 
Hibernation is an avoidance strategy that utilizes periodic suppression of whole-
animal metabolic rate (MR; approximated by mass-specific oxygen consumption 
rate,     ) and Tb as a means of conserving energy until environmental conditions 
improve. Hibernation appears to have some selective advantages as it is associated with 
greater annual species survival and maximum lifespan (Turbill et al. 2011) and has been 
well-characterized in species such as the thirteen-lined ground squirrel (Ictidomys 
tridecemlineatus). This metabolic suppression does not occur once at the beginning of the 
winter season and conclude with spring emergence. Instead, several bouts of suppression, 
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Figure 1.1 Core-body temperature of a hibernating thirteen-lined ground squirrel 
(Ictidomys tridecemlineatus) during the winter season. This figure depicts several 
bouts of torpor (Tb near 5°C) interrupted by periods of interbout euthermia (Tb near 
37°C). Measurements were made using temperature-sensitive radio telemeters.  
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interrupted by periods of interbout euthermia (IBE), are observed (Fig 1.1). Each 
hibernation bout is comprised of four phases: IBE, entrance, torpor, and arousal (Fig 1.2). 
During IBE, Tb and      are comparable to summer-active levels and are stable for 
approximately 8 h, at which point entrance into torpor begins. Entrance (duration 
approximately 8 h) involves a rapid suppression of      (to approximately 1% of IBE 
levels) and Tb to torpid levels which are then maintained for 5-14 days. At the end of 
torpor, hibernators arouse (duration approximately 8 h) which is characterized by a large 
increase in Tb and MR, and ends with a return to IBE. 
 Transitions between IBE and torpor are of great interest due to the drastic 
difference in Tb and MR between these states, the rate at which these changes occur, and 
the fact that, unlike non-hibernating mammals, hibernators can withstand these changes 
repeatedly without apparent detriment. The tissues that comprise visceral organs account 
for the majority of resting metabolic activity and are, therefore, likely targets for any 
suppression of metabolism. For example, the liver, a particularly metabolically active 
organ, accounts for 17% of mammalian MR while comprising a small proportion of total 
body mass (5% in rats) and consequently has a high mitochondrial density (Martin and 
Fuhrman 1955). In assessing mechanisms that can account for these changes in MR, the 
general consensus is that active inhibition of tissue metabolism, together with passive 
temperature effects, play integral roles (reviewed in Staples and Brown 2008, Geiser 
2004). Given the effect of temperature on the rate of biochemical reactions, and the 
reduction of Tb during torpor, it is unsurprising that temperature effects play a large role 
in suppressing MR. However, evidence of active suppression of MR has also been 
shown; for example when entering torpor, MR is suppressed prior to a reduction in Tb  
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Figure 1.2 Simultaneous measurements of mass-specific metabolic rate (solid line, 
measured via flow-through respirometry) and core-body temperature (dashed line, 
measured via radio telemetry) from a hibernating thirteen-lined ground squirrel 
(Ictidomys tridecemlineatus) during the winter. Arrows indicate the four stages of a 
bout of torpor. Note that during entrance, metabolic rate decreases prior to a reduction in 
core-body temperature. Modified from Brown et al. (2012). 
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(Fig 1.2). Indeed it is estimated that active suppression accounts for 40-70% of the total 
decrease of MR in hibernation (reviewed in Staples and Brown 2008). Given that active 
changes in MR are a potential mechanism for reducing energetic demand during 
hibernation, the mitochondria are likely targets of suppression. 
1.2 The mitochondrion 
Mitochondria play a critical role in providing the energy required for the majority 
of eukaryotic cellular functions. This is accomplished by utilizing the free energy 
released during substrate oxidation to actively pump protons across the largely 
impermeable inner mitochondrial membrane (IMM), thereby forming a proton gradient 
(Fig 1.3; Voet et al. 2006). ATP synthase (ETC complex V) utilizes the potential energy 
of the proton gradient to synthesize ATP. 
Formation of the proton gradient required to drive ATP synthesis begins with 
ETC substrate oxidation of the Krebs cycle products: NADH and succinate by complex I 
and II respectively. Electrons released during substrate oxidation are shuttled to 
progressively more electronegative acceptors until a final redox reaction is catalyzed by 
complex IV whereby electrons are donated to the terminal electron acceptor: O2. Redox 
reactions at ETC complexes I, III, and IV release free energy that is utilized to actively 
transport protons from the matrix to the intermembrane space, thereby generating a 
membrane potential. Also known as the proton motive force, this gradient is utilized as a 
source of potential energy by complex V to synthesize ATP. Because O2 consumption 
represents the final step of electron transport it is often used as a general metric for total 
mitochondrial function.  
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Figure 1.3 Schematic of the mammalian mitochondrial electron transport chain 
(ETC). Krebs cycle products (NADH and succinate) donate electrons to complexes I (43 
subunits) and II (4 subunits). These electrons are passed to progressively more 
electronegative acceptors (indicated by white arrows) ultimately being donated to O2 at 
complex IV. The free energy released while electrons are being shuttled through the 
ETC, complexes I, III (11 subunits), and IV (13 subunits), is used to generate a proton 
motive force by pumping protons from the matrix to the intermembrane space. This 
proton gradient is utilized by complex V (8 subunits) to synthesize ATP from ADP and 
free phosphate (Voet et al. 2006). Figure modified from Alex Cooper.  
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 Mitochondria account for up to 90% of mammalian      (Rolfe and Brown 1997) 
and generate considerable heat; thus, this organelle has been a focus of research into 
metabolic suppression during hibernation. When compared between euthermic (i.e., 
summer activity (SA), and IBE) and torpid metabolic states, ground squirrel liver-
mitochondrial succinate (a substrate of ETC complex II) fuelled ADP-phosphorylating 
(state 3) mitochondrial O2 consumption is suppressed (up to 70%; Muleme et al. 2006, 
Brown et al. 2012, Chung et al. 2011, Armstrong and Staples 2010, Fedotcheva et al. 
1985). Armstrong and Staples (2010) determined that the suppression of succinate-
fuelled mitochondrial respiration is reversed during arousal from torpor, but slowly, with 
only 50% recovery by the time Tb had increased from 5°C to 30°C (Fig 1.4). In contrast, 
Chung et al. (2011) demonstrated that respiration is suppressed rapidly during entrance 
into torpor, with full suppression (66% of IBE levels) occurring within two hours, during 
which time Tb fell only slightly from 37°C to 30°C. The rapid suppression of 
mitochondrial respiration at relatively high Tb lends additional support to the notion that 
active metabolic suppression is involved in hibernation. Based on the rapid suppression 
observed during entrance and the gradual reversal of this suppression observed during 
arousal, this pattern of mitochondrial respiration has been dubbed ‘fast in, slow out’ 
(Staples 2012). 
Muleme et al. (2006) assessed liver mitochondrial electron flux in I. 
tridecemlineatus and found that the reduction of mitochondrial respiration during torpor 
occurs primarily due to changes in ETC complex II. As such, Armstrong and Staples 
(2010) and Chung et al. (2011) investigated potential mechanisms of ETC complex II 
inhibition, including mixed inhibition by oxaloacetate, and membrane remodeling, and  
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Figure 1.4 Diagrammatic representation of succinate-fuelled mitochondrial oxygen 
consumption rate and core-body temperature at six points during a hibernation 
bout (interbout euthermia Tb = 37°C, late arousal and early entrance Tb = 30°C, 
early arousal and late entrance Tb = 15°C, and torpor Tb = 4°C). Mitochondria were 
purified from thirteen-lined ground squirrel livers. All measurements of mitochondrial 
oxygen consumption were completed in vitro using a polarographic O2 electrode at 37°C. 
Measurements of Tb from one animal were made using radio telemetry. Modified from 
Armstrong and Staples 2010 and Chung et al. 2011. 
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determined that these changes could not fully explain the observed pattern of 
mitochondrial respiration among stages of hibernation bouts. Other potential mechanisms 
that can account for this pattern must meet certain criteria. First, the suppressing 
mechanism is likely temperature-dependent. At the initiation of entrance, where 
suppression of mitochondrial respiration is rapid, Tb is 37°C. In contrast, during arousal, 
Tb is near 5°C and reversal of mitochondrial suppression is gradual. Second, any 
mechanism must be rapidly induced, as full suppression of mitochondrial respiration 
during entrance occurs within 2 h (Chung et al. 2011). Finally the mechanism must be 
readily reversed, because mitochondrial respiration and indeed MR are repeatedly 
reversed during hibernation. Post-translational protein phosphorylation meets all of these 
criteria, and as such I decided to investigate its role as a potential mechanism of 
mitochondrial suppression during hibernation. 
1.3 Post-translational protein phosphorylation.  
Due to the regulatory capacity that post-translational modifications have on 
enzyme function, recent research has investigated its effects on mitochondrial function. 
Of the forms of post-translational modification, none is more prevalent nor exerts greater 
control than phosphorylation (up to a third of all proteins in a typical mammalian cell are 
phosphorylated at any given moment). Protein phosphorylation, mediated by kinases 
(Simantov and Sachs 1975) and phosphatases, is rapid (occurring in as little as 5 min; 
Olsen et al. 2006) and fully reversible. Due to its powerful regulatory ability, protein 
phosphorylation is heavily regulated, often by complex cellular signaling cascades. 
Protein kinase phosphorylation cascades can be initiated by extracellular (e.g., G-protein-
linked receptor signaling cascades) or intracellular signals (e.g., HCO3
-
 sensitive adenylyl 
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cyclase; Acin-Perez et al. 2009). Similarly, protein dephosphorylation by protein 
phosphatases is subject to extensive regulation (reviewed in Barford et al. 1998). 
Phosphorylation itself involves the covalent attachment of a phosphate group from a 
high-energy donor such as ATP to serine, threonine, or tyrosine amino-acid residues, 
replacing their free hydroxyl group, whereas dephosphorylation involves the cleavage of 
the covalently bound phosphate group. This attachment or removal results in a functional 
change in the protein, either through modification of the protein’s activity, location, or 
interaction with other cellular components (Greengard 1978). These functional changes 
typically occur as a consequence of conformational change to protein tertiary or 
quaternary structure, and thus, the proteins’ ability to interact with other cellular 
components (Alberts et al. 2002). 
 Recent research has established the existence of cardiac (Phillips et al. 2011) and 
skeletal muscle kinases (Zhao et al. 2011) localized to the mitochondria. Acin-Perez et al. 
(2009) demonstrated that phosphorylation of ETC complexes I and IV, by an endo-
mitochondrial cAMP-dependent protein kinase (PKA) signaling cascade, significantly 
increases mitochondrial respiration in isolated HeLa cells. The existence of reversibly-
phosphorylated mitochondrial proteins and their associated kinases has been broadly 
confirmed (Bender and Kadenbach 2000, Harris et al. 1997, Lee et al. 2005, Prabu et al. 
2006). These phosphorylated proteins include subunits of ETC complex IV, and pyruvate 
dehydrogenase (PDH), both critical for mitochondrial function.  
Though less thoroughly studied, research has confirmed the existence of, and 
assigned functional roles to phosphatases localized to the mitochondria. For example, 
Salvi et al. (2002) showed that the dephosphorylation of rat brain mitochondrial protein 
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tyrosine residues is phosphatase-dependent. Furthermore, Pagliarini et al. (2005) 
demonstrated that the inhibition of a pancreatic β-cell specific mitochondrial phosphatase 
results in an increase in ATP synthesis and insulin secretion. Although regulation of these 
enzymes results in important mechanistic changes, these enzymes do not comprise an 
exclusive list and do not preclude the reversible phosphorylation of other mitochondrial 
proteins. Indeed the activity of ETC complex II from human cancer cell cultures 
decreases as a result of phosphorylation of its flavoprotein subunit (Tomitsuka et al. 
2009).  
Reversible phosphorylation of metabolic enzymes occurs in hibernation. Brooks 
and Storey (1992) demonstrated the role of phosphorylation of glycolytic enzymes (e.g., 
glycogen phosphorylase) in suppressing glycolytic activity during hibernation in ground 
squirrels. Similarly, Grabek et al. (2011) showed that Cofilin 2 (a cardiac muscle protein 
responsible for actin turnover) in thirteen-lined ground squirrels was subject to reversible 
phosphorylation during torpor, perhaps acting as an ATP conservation mechanism. 
Golden-mantled squirrel muscle Na
+
-K
+
 ATPase is reversibly suppressed during torpor as 
a result of phosphorylation (Macdonald and Storey 1999). At the level of the 
mitochondrion Bell and Storey (2010) observed that the activity of liver mitochondrial 
glutamate dehydrogenase (an enzyme that mediates amino acid metabolism) was 
suppressed, and exhibited reversible changes in phosphorylation state in hibernating 
Richardson’s ground squirrels. Andrews et al. (1998) demonstrated a reduction in cardiac 
PDH kinase mRNA during torpor and hypothesize that this change alters the total pool of 
functional PDH, thereby reducing acetyl-CoA input into the Krebs cycle. Taken together, 
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these studies provide evidence that mitochondrial protein phosphorylation plays a role in 
suppressing mitochondrial oxidative capacity during hibernation. 
1.4 Objectives and hypothesis 
I hypothesize that post-translational modification of mitochondrial proteins plays 
a role in suppressing mitochondrial respiration during hibernation. In particular, my 
objective was to determine if changes in mitochondrial protein phosphorylation state 
correlate with the changes in mitochondrial respiration known to occur between IBE and 
torpor. To my knowledge, this project represents the first liver mitochondrial 
phosphoproteomic study of mammalian hibernation. In order to achieve my objective I 
utilized molecular tools that allow for the isolation of proteins unique to the 
mitochondria, using the thirteen-lined ground squirrel (an obligate winter hibernator) as 
my study species.  
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CHAPTER 2 
MATERIALS AND METHODS 
 2.1 Animal capture 
All procedures were approved by the University of Western Ontario Animal Use 
Subcommittee (Protocol number: #2008-055-06; Appendix D). Adult Ictidomys 
tridecemlineatus were captured (using live-traps) from the wild (Carman, MB; 49°30’N, 
98°01’W) during a two week period in early May. Individuals were housed in plastic rat 
cages (26.7 cm x 48.3 cm x 20.3 cm) with dried corncob bedding (The Andersons, 
Maumee OH), shredded paper bedding (Eco-Bedding, Fibercore, Cleveland OH) for nest 
building, and a transparent red plastic tube (Bio-Serv, Frenchtown NJ) for environmental 
enrichment. Daily animal husbandry involved providing animals with water and rat chow 
(LabDiet 5P00; Lab Diet, St. Louis MO) ad libitum while housed under natural ambient 
temperature (Ta) and photoperiod conditions until their arrival at the animal care facility 
at The University of Western Ontario (London ON). 
Wild animals entering the animal care facility were quarantined for no less than 
42 days. During this period, animals were tested for endoparasites bi-weekly (by UWO 
Animal Care and Veterinary Services) using Fecalyzer kits (Vétoquinol, Buena NJ) while 
also receiving bi-weekly subcutaneous injections of the cestocide: Droncit (administered 
personally; 5.68 mg ∙ ml-1, 0.2 ml ∙ 250 g-1; BayerDVM, Pittsburgh PA). Once two 
consecutive Fecalyzer tests returned with negative results, animals were removed from 
quarantine and were cared for under a standard daily care protocol as described in 
Muleme et al. (2006). 
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2.2 Rearing of young 
 Some of the individuals used in this study were born to females that were 
pregnant when trapped. These neonates were personally hand-raised according to a 
protocol modified from Vaughan et al. (2006). Neonates (up to 12 per litter) were left 
undisturbed with the nursing dam (housed in a standard rat cage) whenever possible, in 
order to minimize stress. It was critical to provide the nursing dam with ample water and 
a nutritional supplement of Kitten Milk Replacement (50 ml, replaced daily; PetAg, 
Hampshire IL). To improve sociability, daily handling of pups was completed with 
extreme caution (only after two weeks from birth). 
 Four weeks after birth (approximately one week after eye-opening) litters were 
separated from their mother, divided into two groups, and housed in rat cages. Due to the 
difficulty of accessing the top of their cages, food (rat chow and cat food; IAMS, Mason 
OH) and water were provided to juveniles ad libitum in glass petri-dishes set on the cage 
floor (replaced twice daily). In addition, a Kitten Milk Replacement supplement was 
provided to all individuals, including mothers. A week following removal from mothers, 
litter groups were again divided during routine cage changes, and this continued weekly 
until each individual had their own cage.  
2.3 Daily animal care protocol 
During the summer (May to August), animals were kept in a conventional animal 
care room (Ta = 22 ± 3°C, photoperiod adjusted weekly to match natural duration in 
Carman, MB). Standard food was supplemented with ten sunflower seeds provided three 
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times per week. Animals were monitored daily, and weights were recorded weekly during 
cage changes.  
In order to facilitate hibernation in early October, animals were transferred to an 
environmental chamber and kept under low Ta and short photoperiod conditions (Ta = 4 ± 
2°C; Photoperiod = 2 L: 22 D, lights on at 8:00 am). This treatment induced hibernation 
in all individuals within two weeks, at which point food, but not water was removed. 
Upon conclusion of the winter season, (defined as the period where torpor bouts 
spontaneously decrease in length; beginning of April) all animals were moved back to the 
common housing environment and ‘summer active’ care resumed.  
2.4 Radio telemetry implants 
 Prior to transfer to the environmental chamber, temperature-sensitive radio 
telemeters (Model TA-F20, Data Sciences International, Arden Hills MN) were 
intraperitoneally implanted under isofluorane gas anesthesia in order to monitor 
hibernation bouts via measurements of Tb (Muleme et al. 2006). Squirrels were provided 
postoperative analgesia upon completion of surgery (subcutaneous ketoprofen; 10 mg ∙ 
ml
-1, 0.15 ml ∙ 300 g-1). Core body temperature measurements were collected every four 
minutes using telemetry receivers (model RA1010, Data Sciences International). 
Collection of Tb data was performed using Dataquest ART software (Data Sciences 
International).  
2.5 Liver mitochondria isolation 
 Experimental groups were classified as follows: summer active I. 
tridecemlineatus were sampled in the morning during the month of July (core body 
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temperature (Tb) = 37°C; 8:30 am ± 30 min EST), Winter sampling (January to February) 
of torpid and spontaneously arousing IBE ground squirrels occurred as follows: interbout 
euthermia was defined as the period where Tb = 37 ± 1°C for no less than 1 h, and torpor 
was the period where Tb = 5 ± 1°C for at least 48 h. Winter sampling of all torpid 
individuals occurred at 8:30 am EST; however, due to the spontaneous nature of interbout 
arousals some IBE individuals could not be sampled at a standardized time of day. 
 Animals sampled during the SA and IBE stages were euthanized via anesthetic 
overdose (intraperitoneal injection of Euthanyl; 270 mg ∙ mL-1, 0.2 mL ∙ 100 g-1; Muleme 
et al. 2006). Euthanyl has been shown to have no effects on mitochondrial metabolism 
(Takaki et al. 1997). Animals sampled during torpor were euthanized via cervical 
dislocation to prevent arousal. Euthanasia and excision of the liver was completed within 
5 min after initial handling. Following excision, liver tissue was weighed, placed in ice-
cold liver homogenization buffer (LHB; 250 mM sucrose, 10 mM HEPES, 1 mM EGTA, 
1% BSA (w/v), pH 7.4 at 37°C) and minced into 1 mm
3
 pieces using surgical scissors. 
 Minced liver tissue was subsequently homogenized in LHB (30 ml) with three 
passes (100 rpm) of a loose-fitting Teflon-coated pestle in a 50 mL glass mortar. The 
homogenate was filtered through one-ply cheesecloth and centrifuged for 10 min at 1000 
g at 4°C (Centrifuge 5804R, Eppendorf, Mississauga ON), this process was repeated with 
the resulting supernatant. Following the second centrifugation, excess floating lipid was 
aspirated and the supernatant was filtered through four-ply cheesecloth. Filtered 
supernatant was then centrifuged at 8700 g for 10 min at 4°C. After aspirating the 
supernatant, the resulting crude mitochondrial pellet was suspended in 1 mL LHB. 
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Final purification of crude mitochondrial pellets was accomplished using a Percoll 
gradient centrifugation technique based on Petit et al. (1990). One mL of crude 
mitochondrial preparation was layered on top of a Percoll (Sigma-Aldrich, Oakville ON) 
gradient solution (four 10 mL Percoll solutions: 10, 18, 30, and 70% (v/v) diluted in 
LHB, layered with the densest at the bottom) and centrifuged for 35 min at 13500 g  at 
4°C. 
 Following Percoll centrifugation, approximately 1 mL of purified mitochondria 
(approximately 10 mg protein ∙ ml-1) was isolated from the boundary of the 30 and 70% 
(v/v) Percoll layers and resuspended in 40 mL LHB. Residual Percoll was washed from 
the mitochondrial suspension via centrifugation at 8700 g for 10 min at 4°C. This Percoll 
washing process was repeated on the resulting mitochondrial pellet. After the second 
Percoll wash, the purified mitochondrial pellet was suspended in 1 mL LHB and kept on 
ice until assayed. Armstrong and Staples (2010) demonstrated that this technique results 
in the elimination of 85 to 96% of contaminants (endoplasmic reticulum, peroxisomes, 
plasma membrane, and lysosomes) as determined by marker enzyme activity assays.  
2.6 Mitochondrial respiration 
 Respiration rates of purified liver mitochondria (25 μL aliquot) were measured 
using a Clark-type O2 polarographic electrode (Oxygraph-2k, Oroboros, Innsbruck 
Austria) in 1975 μL of mitochondrial respiration assay buffer (MiR05; 110 mM sucrose, 
0.5 mM EGTA, 3 mM MgCl2, 60 mM K-lactobionate, 20mM taurine, 10 mM KH2PO4, 
20 mM HEPES, pH 7.1 at 30°C, 1% (w/v) BSA). All substrates were dissolved in MiR05 
(except rotenone and oligomycin which were dissolved in ethanol) and final 
concentrations represent those in the airtight 2 mL Oxygraph-2k chamber. The O2 
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response of the Oxygraph-2k was calibrated to air-saturated and oxygen-depleted buffer 
(obtained with the use of a yeast suspension) levels based on published O2 solubilities 
(Forstner and Gnaiger 1983), corrected for atmospheric air pressure. All respiration rate 
measurements were completed at 37°C with constant stirring (750 rpm). 
 Succinate-fuelled State 3 (ADP-phosphorylating) and State 4 (non-
phosphorylating) mitochondrial respiration were measured as follows. Rotenone (0.5 μM) 
was added to the mitochondrial suspension in the oxygraph chamber (allowing for 
exclusive analysis of mitochondrial succinate oxidation) followed by succinate (10 mM) 
to fuel state 2 respiration (Fig 2.1). Upon reaching steady state 2 respiration, ADP (2 
mM) was introduced to stimulate state 3 respiration. Once a measurement of state 3 
respiration was obtained, state 4 respiration rate was estimated by the addition of 
oligomycin (an ATP synthase inhibitor; 2 μg ∙ ml-1). 
 All respiration rates were standardized to mitochondrial protein concentration as 
measured by Bradford assay (Bradford 1976). 10 μL of purified mitochondrial sample 
was diluted in 790 μL of LHB and sonicated (VirTis, Virsonic 100; Stone Ridge NY). 10 
μL of the diluted sample was added to 200 μL of Bradford assay solution (1:4 LHB: 
Bradford protein assay solution; Bio-Rad, Mississauga ON). After completion of the 
reaction (35 min), absorbance (595 nm) was measured using a spectrophotometer 
(SpectraMax 340PC, Molecular Devices, Toronto ON). Standards consisted of BSA 
dissolved in LHB. Remaining mitochondrial samples were isolated (exactly 1 mg 
mitochondrial protein pellets) via centrifugation (21000 g for 10 min at 4°C) and stored 
at -80°C until further use. 
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Figure 2.1 Succinate-fuelled liver mitochondrial O2 consumption. Liver mitochondria 
were purified from an individual summer active Ictidomys tridecemlineatus. Solid arrows 
indicate the addition of electron transport chain complex inhibitors or substrates. Dashed 
arrows indicate different mitochondrial respiration states induced by the addition of 
inhibitors and substrates. Measurements were collected using a polarographic O2 
electrode. 
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 2.7 Solubilization of mitochondrial proteins 
 To ensure equal loading of mitochondrial proteins for sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE), the protein concentration of all 
suspended (in 420 μL LHB) mitochondrial pellets was measured using a Bradford protein 
assay described in section 2.6. After obtaining sample protein concentrations, 
mitochondrial suspensions were centrifuged (21000 g for 10 min at 4°C) and resuspended 
in 500 μL of SDS-PAGE sample buffer (20% (v/v) glycerol, 4% (w/v) SDS, 100 mM 
Tris pH 6.8, 0.002% (w/v) bromophenol blue, 100 mM dithiothreitol (DTT)). Samples 
were left on a shaker (300 RPM) for 30 min at 25°C and were subsequently centrifuged 
at 21000 g for 5 min at 25°C, the supernatant was then removed for SDS-PAGE. 
2.8 Electrophoretic separation of mitochondrial proteins  
Each gel was loaded with the following: a prestained molecular weight (M.W.) 
protein ladder (PageRuler; Fermentas, Rockford IL), one liver mitochondrial protein 
sample (15 µg) from each metabolic stage (SA, IBE, Torpor), and a SA external control 
(one aliquot from the same SA individual loaded onto all gels) to allow standardization 
and inter-gel comparisons (Fig 2.2). The electrophoretic separation of these sample sets 
was replicated on five separate gels, one for each of three potentially phosphorylated 
amino-acid residues: phosphothreonine (P-Thr), phosphoserine (P-Ser), phosphotyrosine 
(P-Tyr), and one gel for a mitochondrial loading control: voltage-dependent anion-
selective channel protein 1 (VDAC1); an additional gel was Coomassie-stained in order 
to visualize all separated proteins (Fig 2.2). 
  
 
Figure 2.2. Purified thirteen-lined ground squirrel liver mitochondrial proteins separated via SDS-PAGE and immunoblotted 
for phosphorylated amino-acid residues (B – D). Liver mitochondria were isolated from three metabolic states: summer active 
(SA), interbout euthermia (IBE), and torpor. Samples were loaded on an equal protein quantity loading basis which was confirmed 
with Coomassie total protein staining (A). Protein samples from each metabolic state originated from the same individual.
2
2
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 SDS-PAGE was performed using a Mini-Protean II apparatus (Bio-Rad, 
Mississauga ON) with a 12.5% (w/v) bis-acrylamide resolving gel (6 M Urea, 0.66 M 
Tris pH 8.8, 0.6% (w/v) SDS, 0.3% (v/v) APS, 0.2% (v/v) TEMED) and a 5% (w/v) bis-
acrylamide stacking gel (0.125 M Tris pH 6.8, 1% (w/v) SDS, 1% (v/v) APS, 0.1% (v/v) 
TEMED). The electrophoretic running buffer (0.25 mM Tris pH 8.6, 1.92 mM glycine, 
0.1% SDS) was based on Laemmli (1970). Separation of proteins was completed under 
constant voltage (100 V, 1 h 45 min at 25°C). In order to visualize separated proteins, 
gels were stained for 3 h with a 0.5% (w/v) Coomassie G-250 solution (50% (v/v) 
methanol, 10% (v/v) acetic acid) at 25°C, and exposed to destain solution (20% (v/v) 
methanol, 10% (v/v) acetic acid) overnight at 25°C. 
2.9 Protein transfer and immunodetection 
Initial attempts to assess phosphorylation state of mitochondrial proteins involved 
the use of the phosphoprotein-specific fluorescent dye: Pro-Q Diamond (Invitrogen, 
Camarillo CA). Due to the unacceptably low detection limits of this stain, and the 
inability to distinguish among phosphorylated amino-acid residues I decided to utilize 
traditional immunoblotting analyses for phosphoprotein detection. 
After electrophoretic separation, proteins were transferred to nitrocellulose 
membranes (0.2 μm pore diameter; Bio-Rad, Mississauga ON) using a Mini Trans-blot 
system (Bio-Rad, Mississauga ON). immunoblotting buffer (25 mM Tris pH 8.6, 1.92 
mM glycine, 20% (v/v) methanol, 0.3% (w/v) SDS) and transfer protocol were taken 
from Towbin et al. (1979). Proteins were transferred under constant voltage (100 V, 1 h 
at 4°C). 
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In order to saturate additional protein binding sites (thus preventing non-specific 
antibody binding), membranes were blocked overnight at 4°C on a shaker with a 
membrane blocking solution (2 mM Tris pH 7.5, 15 mM NaCl, 0.05% (v/v) Tween 20 
containing 5% (w/v) BSA). Blocked membranes were rinsed in membrane wash buffer (2 
mM Tris pH 7.5, 0.05% (v/v) Tween 20) for 5 min at 25°C on a shaker. Four separate 
membranes were subsequently probed for 1 h at 25°C with the following primary 
antibodies diluted in antibody buffer (2 mM Tris pH 7.5, 15 mM NaCl, 0.25% (v/v) 
Triton X-100) containing 2% (w/v) BSA: polyclonal rabbit anti-P-Thr 1:250 dilution 
(Invitrogen, Camarillo CA; sensitivity of which is demonstrated by Fleming et al. 1997), 
polyclonal rabbit anti-P-Ser 1:250 dilution (Invitrogen, Camarillo CA), polyclonal rabbit 
anti-P-Tyr 1:250 dilution (Invitrogen, Camarillo CA), and the mitochondria-specific 
loading control: polyclonal mouse anti-VDAC1 1:1000 dilution (Abcam, Cambridge 
MA). Following four 15 min washes in membrane wash buffer at 25°C, membranes were 
probed with their respective horseradish-peroxidase conjugated secondary antibodies 
diluted in antibody buffer (1 h at 25°C): anti-rabbit 1:1250 dilution (Sigma-Aldrich, St. 
Louis MO), anti-mouse 1:2000 dilution (Thermo Scientific, Rockford IL). Membranes 
were again washed four times for 15 min with membrane wash buffer, rinsed with dH2O 
for 5 min, and then exposed to 6 mL of ECL chemiluminescent detection reagent 
(Amersham, Amersham UK) for 2 min. Membranes were wrapped in plastic wrap, and 
secured in developing trays for detection. 
Antibody-protein complexes were visualized on X-ray film (Fujifilm, Tokyo 
Japan), exposure times were as follows: all phosphoprotein membranes were exposed for 
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15 min, membranes probed with VDAC1 were exposed for 30 s. Exposed X-ray film was 
developed (15 s), placed in a fixative solution, and finally rinsed in dH2O.  
2.10 Densitometry 
Exposed X-ray film was digitized into the TIFF format (600 dpi) using a HP 
C4180 flatbed scanner (Hewlett Packard, Mississauga ON). Densitometric analyses were 
completed using ImageJ v1.46h software (National Institutes of Health, Bethesda MA). 
Images were converted to grayscale (8-bit) and vertical lanes of equal dimension were 
converted into density maps, where greater peak height indicates greater protein quantity. 
Area under the curve for a given protein of interest was converted to a percentage of the 
sum of peak area across all loaded samples. This percentage was then corrected to the SA 
external control peak; thus all measures of signal density were relative measures. 
2.11 Separation of mitochondrial proteins for identification 
In order to identify specific mitochondrial proteins that undergo reversible 
phosphorylation, frozen samples (from section 2.6) of known concentration (determined 
by Bradford assay as described in section 2.6) were separated using two-dimensional 
blue-native PAGE (2D BN-PAGE; Schägger and von Jagow 1991). Mitochondrial 
proteins (1 mg) were solubilized on a shaker (300 rpm) in a mitochondrial extraction 
buffer (750 mM aminocaproic acid, 50mM bis-tris pH 7.0) and a 10% (v/v) lauryl 
maltoside solution (β-DDM) for 20 min at 4°C. Solubilized samples were centrifuged for 
20 min at 21000 g at 4°C (Eppendorf 5414; Eppendorf, Mississauga ON) and the 
resulting supernatant was combined with BN-PAGE sample buffer (50 mM bis-tris-HCl 
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pH 7.2, 50 mM NaCl, 10% (w/v) glycerol, 0.001% (w/v) Ponceau S) and a 5% (w/v) 
Coomassie G-250 suspension (750 mM aminocaproic acid pH 7.5).  
A 200 μg aliquot of mitochondrial protein from each metabolic state was loaded 
onto a 4-16% (w/v) bis-acrylamide precast gradient gel (Invitrogen, Carlsbad CA). 
Electrophoresis was completed using an XCell Surelock Mini-Cell (Invitrogen, Carlsbad 
CA), at 4°C under a constant current of 17 mA for 1.5 h (Fig A.3). The buffer system 
consisted of a ‘low blue’ cathode buffer (0.002% (w/v) Coomassie G-250, 50 mM bis-tris 
pH 7.0, 50 mM tricine) and an anode buffer (50 mM bis-tris, 50 mM tricine pH 7.0). 
Protein separation was replicated four times: three for immunoblot detection of each 
potentially phosphorylated residue, and an additional sample for Coomassie staining and 
protein identification by matrix-assisted laser desorption/ionization-time of flight time of 
flight mass-spectrometry (MALDI-TOF/TOF MS). 
Prior to protein separation in the second dimension, electron transport chain 
(ETC) complexes from each metabolic state were excised and solubilized with a 
denaturing solution (Fig 2.3; 1% β-mercaptoethanol, 1% (w/v) SDS) for 15 min at 25°C. 
Solubilized gel pieces were sealed in a 5% (w/v) bis-acrylamide stacking gel with 
agarose (10% (w/v) dissolved in electrophoretic running buffer) and placed on top of a 
12.5% (w/v) bis-acrylamide resolving gel (composition described in section 2.8). Proteins 
from separate ETC complexes from animals in each metabolic state were subsequently 
separated via SDS-PAGE as described in section 2.8 (Fig 2.5). 
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Figure 2.3 1D BN-PAGE separation of Ictidomys tridecemlineatus liver 
mitochondrial proteins. Liver mitochondrial proteins were isolated during summer 
activity (SA), interbout euthermia (IBE), and torpor (T). Proteins were loaded on an equal 
quantity loading basis. 
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2.12 Confirming the presence of ETC complexes following 2D BN-PAGE 
separation 
In order to confirm that all ETC complexes were present following the separation of I. 
tridecemlineatus liver mitochondrial proteins via 2D BN-PAGE (obtained using methods 
described in section 2.11) I immunoblotted for one subunit unique to each ETC complex 
(methods described in section 2.9; Fig 2.4). Electron transport chain subunit antibodies 
and dilutions are as follows: monoclonal mouse anti-CI NDUFA9 subunit 1:1000 dilution 
(Mitosciences, Eugene OR), monoclonal mouse anti-CII 30 kDa Ip subunit 1:200 dilution 
(Mitosciences, Eugene OR), monoclonal mouse anti-CIII Rieske subunit 1:1000 dilution 
(Mitosciences, Eugene OR), monoclonal mouse anti-CIV subunit IV 1:1000 dilution 
(Mitosciences, Eugene OR), and monoclonal mouse anti-CV subunit d 1:1000 dilution 
(Mitosciences, Eugene OR). 
2.13 Phosphoprotein identification via mass-spectrometry  
Mitochondrial proteins separated using 2D BN-PAGE were immunoblotted with 
phosphorylated amino-acid specific antibodies as described previously (section 2.9). In 
this way I was able to isolate and observe ETC complex subunit-specific proteins 
undergoing reversible phosphorylation in different stages of hibernation. Automated in-
gel digestion of mitochondrial proteins (modified from Rosenfeld et al. 1992; Waters 
MassPREP Station; PerkinElmer, Milford MA), MALDI-TOF/TOF MS (4700 
Proteomics Analyzer; Applied Biosystems, Foster City CA), data acquisition (4000 
Series Explorer; Applied Biosystems, Foster City CA), and data processing (Data 
Explorer; Applied Biosystems, Foster City CA) were completed at the UWO Functional  
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Figure 2.4 Immunoblot of five liver mitochondrial ETC-specific subunits separated 
via 2D BN-PAGE. Liver mitochondrial proteins were isolated from one I. 
tridecemlineatus individual. Electron transport chain complexes (CI – CV) were 
separated in the first
 
dimension (A) under non-denaturing conditions (left to right). 
Separated ETC complexes were separated in the orthogonal direction using SDS-PAGE 
(B). Immunoblot detection of one ETC subunit unique to each complex followed (1: CI 
NDUFA9 subunit, 2: CV subunit d, 3: CIII Rieske subunit, 4: CIV subunit IV, 5: CII 
subunit 30 kDa Ip subunit).  
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Figure 2.5 Sample thirteen-lined ground squirrel liver mitochondrial proteins 
separated via 2D BN-PAGE stained with Coomassie blue. Purified liver mitochondria 
samples from summer active (SA), interbout euthermic (IBE), and torpid (T) animals 
were first separated into individual ETC complexes (CI – CV; Fig A3) under non-
denaturing conditions. Individual ETC complexes were then separated in the second 
dimension using SDS-PAGE. Proteins were loaded on an equal protein quantity basis. 
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Proteomics Facility (London ON). I was personally involved with spot-picking, 
preparation of samples in MALDI matrix, and spotting samples onto the MALDI target. 
Protein spots of interest were excised using an Ettan spot picker (GE Healthcare, 
Buckinghamshire UK). Briefly, in-gel digestion involved repeatedly washing gel pieces 
with 50% (v/v) ACN in order to remove excess salts, SDS, and stain followed by 
rehydration with 100 mM NH4HCO3. This washing procedure was followed by a 
treatment with 50 mM DTT at 56°C for 45 min in order to reduce cysteine residues; 
subsequently, proteins were alkylated with 200 mM iodoacetamide for 30 min 25°C in 
the dark. Gel pieces were again repeatedly washed with 50% (v/v) ACN and 100 mM 
NH4HCO3. 
Proteins were digested overnight at 37°C, with a modified trypsin enzyme (12.5 
ng ∙ μL-1, Promega, Fitchburg WI) suspended in digestion buffer (25 mM NH4HCO3 pH 
7.8, 2.5 mM NaCl2). Gel pieces were sequentially washed with a 50% (v/v) ACN, 25 mM 
NH4HCO3 solution and a 50% (v/v) ACN, 5% (v/v) formic acid solution, with 
supernatant being extracted following each wash. Prior to mass spectrometry analysis, 
dried peptide samples were re-dissolved in a 10% (v/v) ACN and 0.1 % (v/v) 
trifluoroacetic acid solution. 
MALDI matrix, α–cyano–4–hydroxycinnamic acid (CHCA), was prepared as 5 
mg · mL
-1
 in 6 mM ammonium phosphate monobasic, 50% (v/v) ACN, 0.1 % (v/v) 
trifluoroacetic acid and mixed with the sample at 1:1 ratio (v/v). This mixture (0.7 μL) 
was spotted on the MALDI target. The MALDI-TOF/TOF MS was equipped with a 355 
nm Nd:YAG laser; the laser rate was 200 Hz. Reflectron and linear positive ion modes 
were used. Reflectron mode was calibrated at 50 ppm mass tolerance. Each mass 
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spectrum was collected as a sum of 1000 shots. Peptide sequences obtained from 
MALDI-TOF/TOF MS were submitted to the NCBInr database for comparison to known 
protein sequences. Each peptide sequence submission was assigned a unique identifier for 
reference within the NCBI database (accession number), and sequence alignment 
between sample peptides, and known peptides was used to assign a protein score 
confidence interval (i.e., a percentage calculated based on the number of gaps and 
substitutions associated with aligned sequences, higher values indicate greater 
alignment). Functional groupings of proteins with putative identities were assigned based 
on literature review. 
2.14 Statistical analyses 
In all instances P < 0.05 was considered statistically significant, and all data 
presented are mean ± SEM. Differences in succinate-fuelled mitochondrial respiration 
rates (state 3, state 4) among metabolic states were assessed using a one-way ANOVA, 
followed by a Tukey’s post-hoc test in order to determine where differences occur.  
Changes in mitochondrial protein-specific phosphorylation state were assessed 
using multivariate statistical analyses. In this way, patterns of phosphorylation changes 
among groups of proteins (i.e., groupings based on M.W.) could be elucidated. For each 
phosphorylated amino acid, a principal component analysis (PCA) was used to compare 
the relative density of proteins of the same M.W. among metabolic states. ‘PCscores2’ 
for each PC component was extracted for further analysis. These variables were used to 
represent metabolic state dependent phosphorylation changes unique to each individual 
and were compared among metabolic states. 
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In the case of P-Thr, I decided to exclude proteins with PCA correlation 
coefficients between -0.3 and 0.3 (i.e., Thr 67, 57, and 29), because correlation 
coefficients that fall within this range can be considered to not contribute greatly to any 
observed effects (Jolliffe 2002) and there was no a priori reason to include all 
phosphoproteins in the initial P-Thr PCA. This yielded the ‘modified P-Thr’ dataset, 
although the unmodified P-Thr dataset is available in Appendix C. 
PCscores2 for each phosphoprotein were analyzed by one-way ANOVAs in order 
to assess differences in the pattern of protein phosphorylation among each metabolic 
state, this was followed by a post-hoc Tukey’s test. A Pearson’s coefficient correlation 
comparing PCscores2 and succinate-fuelled state 3 mitochondrial respiration was used in 
order to determine if observed changes in groups of phosphorylated proteins explain 
changes in electron flux through ETC complex II. Additionally, a Pearson’s coefficient 
correlation comparing the relative density of phosphoproteins with the highest correlation 
coefficients (assessed by PCA) and State 3 respiration was completed to ensure that 
changes unique to specific proteins were given full consideration. 
Differences in the relative density of VDAC1, among each metabolic state were 
assessed using a one-way ANOVA. All statistical analyses were completed using SPSS 
16.0 (IBM, Armonk NY). 
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CHAPTER 3 
RESULTS 
3.1 Mitochondrial respiration 
 State 3 succinate-fuelled liver mitochondrial respiration did not differ 
significantly between IBE and SA (P = 0.544). There was, however, significant 
suppression of State 3 respiration in torpid animals when compared to both IBE (57%) 
and SA (48%; Fig 3.1; P < 0.001). State 4 succinate-fuelled liver mitochondrial 
respiration did not differ significantly among any measured metabolic state (P = 0.512). 
The respiratory control ratio (Mean ± SEM; SA: 5.17 ± 0.49, IBE: 5.85 ± 0.88, Torpor: 
3.48 ± 0.76) did not differ significantly among metabolic states. 
3.2 Patterns of mitochondrial protein phosphorylation 
 The mitochondrial content of VDAC1, as assessed by immunoblotting, did not 
differ significantly among metabolic states (Fig 3.2; P = 0.910), making VDAC1 an 
appropriate loading control. In order to assess changes in protein phosphorylation among 
metabolic states I performed a PCA and extracted principal component scores for each 
PC. Across all phosphorylated amino-acid residues, PC1 accounted for the majority of 
observed variation (P-Thr = 53.85%, P-Ser = 56.02%, P-Tyr = 45.97%; Appendix A). 
However, PC1 (referred to as ‘total phosphorylation’) only accounts for changes in total 
protein phosphorylation. Unlike PC1, PC2 (referred to as state-dependent 
phosphorylation) accounts for variation in phosphorylation among metabolic states 
(Appendix A). Eigenvalue variation explained by PC2 for each phosphoprotein was as 
follows: P-Thr (34.9%), P-Ser (19.2%), P-Tyr (40.3%). In the case of P-Thr PC2, a 49  
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Figure 3.1 Succinate-fuelled State 3 and State 4 respiration rate of purified liver 
mitochondria from thirteen-lined ground squirrels. Data presented are means ± SEM 
(measured in vitro at 37°C). Liver mitochondria were isolated during the summer active, 
interbout euthermic (IBE), and torpid metabolic states. Where significant differences 
occur among metabolic states within a respiration state are denoted by different letters (n: 
summer active = 4, IBE = 9, torpor = 8). 
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Figure 3.2 Mitochondrial loading control VDAC1. A) Relative density of VDAC1 
compared among summer active, interbout euthermic (IBE), and torpid thirteen-lined 
ground squirrels. B) Sample immunoblot of VDAC1 from liver mitochondria samples 
isolated from squirrels during three metabolic states. 
  
SA IBE Torpor 
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and, 41 kDa protein had negative loading values, whereas a 37 and 26 kDa protein had 
positive loading values (Fig 3.3). P-Ser PC2 exhibited a comparable trend where a 47 and 
38 kDa protein had positive loading values, whereas a 34, 26, and 21 kDa protein had 
negative loading values (Fig 3.4). In the case of P-Tyr PC2 a 36 kDa protein had a 
positive loading value and a 28 kDa protein was negatively loaded (Fig 3.5). 
3.3 Relative density of phosphoprotein among metabolic states 
 Regardless of which phosphorylated amino-acid residue is considered, total 
phosphorylation (i.e., PCscores1) did not differ among metabolic states (P-Thr: P = 
0.255; P-Ser: P = 0.286; P-Tyr: P = 0.228). Unmodified (i.e. the PCA which included all 
P-Thr kDa proteins) P-Thr state-dependent phosphorylation (PCScore2) did not differ 
among metabolic states 2 (P = 0.08, Appendix B). When comparing modified (i.e., the 
PCA which included: P-Thr 49, 41, 37, and 26 kDa) P-Thr state-dependent 
phosphorylation among metabolic states, IBE and torpid individuals did not differ from 
each other; however, SA animals differed significantly from both winter metabolic states 
(Fig 3.6; P < 0.01). P-Ser state-dependent phosphorylation differed among metabolic 
states with SA differing significantly from torpor, and the IBE state showing an 
intermediate level, not differing from the other two groups (Fig 3.7; P < 0.05). When 
compared among metabolic states, P-Tyr state-dependent phosphorylation did not differ 
significantly (Fig 3.8; P = 0.508). 
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Figure 3.3 Relative density of P-Threonine in purified liver mitochondrial isolated 
from summer active, interbout euthermic (IBE), and torpid thirteen-lined ground 
squirrels. Data were collected using immunoblotting and densitometry. Asterisks denote 
a PCA correlation coefficient that is less than -0.3. Crosses denote a PCA correlation 
coefficient that is greater than 0.3.  
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Figure 3.4 Relative density of P-Serine in purified liver mitochondria isolated from 
summer active, interbout euthermic (IBE), and torpid thirteen-lined ground 
squirrels. Data were collected using immunoblotting and densitometry. Asterisks denote 
a PCA correlation coefficient that is greater than -0.3. Crosses denote a PCA correlation 
coefficient that is less than 0.3.  
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Figure 3.5 Relative density of P-Tyrosine in purified liver mitochondria isolated 
from summer active, interbout euthermic (IBE), and torpid thirteen-lined ground 
squirrels. Data were collected using immunoblotting and densitometry. Asterisks denote 
a PCA correlation coefficient that is greater than -0.3. Crosses denote a PCA correlation 
coefficient that is less than 0.3.  
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Figure 3.6 P-Threonine state-dependent phosphorylation of mitochondria isolated 
from summer active, interbout euthermic (IBE), and torpid thirteen-lined ground 
squirrels. Data were derived from a densitometric comparison of liver mitochondrial 
proteins with phosphorylated threonine residues. The inset table indicates which P-Thr 
proteins (identified by kDa) have correlation coefficients that exceed the range -0.3 to 0.3 
and the direction of those correlations. Significant differences among metabolic states are 
denoted by different letters.  
Protein (kDa) PC2 Coefficient 
49 - 
41 - 
37 + 
25 + 
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Figure 3.7 P-Serine state-dependent phosphorylation of mitochondria isolated from 
summer active, interbout euthermic (IBE), and torpid thirteen-lined ground 
squirrels. Data were derived from a densitometric comparison of liver mitochondrial 
proteins with phosphorylated serine residues. The inset table indicates which P-Ser 
proteins (identified by kDa) have correlation coefficients that exceed the range -0.3 to 0.3 
and the direction of those correlations. Significant differences among metabolic states are 
denoted by different letters.  
Protein (kDa) PC2 Coefficient 
47 + 
38 + 
34 - 
26 - 
21 - 
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Figure 3.8 P-Tyrosine state-dependent phosphorylation of mitochondria isolated 
from summer active, interbout euthermic (IBE), and torpid thirteen-lined ground 
squirrels. Data were derived from a densitometric comparison of liver mitochondrial 
proteins with phosphorylated tyrosine residues. The inset table indicates which P-Tyr 
proteins (identified by kDa) have correlation coefficients that exceed the range -0.3 to 0.3 
and the direction of those correlations.   
Protein (kDa) PC2 Coefficient 
36 + 
28 - 
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3.4 State-dependent mitochondrial protein phosphorylation and 
mitochondrial respiration 
Total phosphorylation (PCscores 1) for each phosphorylated amino-acid residue 
did not correlate significantly with succinate-fuelled liver state 3 mitochondrial 
respiration rate (P-Thr: P = 0.338; P-Ser: P = 0.135; P-Tyr: P = 0.999). Similarly, there 
was no significant correlation between state-dependent phosphorylation (PCscores 2) of 
any phosphorylated amino-acid residue and succinate-fuelled liver mitochondrial 
respiration rate (P-Thr: Fig 3.8, P = 0.638; P-Ser: Fig 3.9, P = 0.68; P-Tyr: Fig 3.10, P = 
0.692).  
 To ensure that protein-specific phosphorylation state did not account for changes 
in succinate-fuelled mitochondrial respiration, the relative density of individual 
mitochondrial phosphoproteins that changed among metabolic states (assessed via PCA) 
was correlated with State 3 respiration. In every instance where phosphorylation state 
changed among metabolic state there was no significant correlation with State 3 
respiration (P-Thr: 49 kDa, P = 0.395; 41 kDa, P = 0.229; P-Ser: 47 kDa, P = 0.667; 38 
kDa, P = 0.704; P-Tyr: 28 kDa, P = 0.257). 
3.5 Identification of proteins that undergo changes in phosphorylation state 
 Mitochondrial proteins that changed phosphorylation state were flagged for 
identification via MALDI-TOF/TOF MS (Fig 3.11). This analysis yielded nine putative 
protein identities (Table 3.1). Of the proteins that were identified by MALDI-TOF/TOF 
MS, significant metabolic state dependent changes in phosphorylation occurred in F1-
ATPase α-chain (SA > IBE, Torpor), ornithine transcarbamylase (SA > Torpor), and 
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Figure 3.9 Relationship between mitochondrial P-Threonine PCScores2 and State 3 
liver mitochondrial respiration. Measurements were collected from summer active, 
interbout euthermic (IBE), and torpid thirteen-lined ground squirrels. 
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Figure 3.10 Relationship between mitochondrial P-Serine PCScores2 and State 3 
liver mitochondrial respiration. Measurements were collected from summer active, 
interbout euthermic (IBE), and torpid thirteen-lined ground squirrels.  
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Figure 3.11 Relationship between mitochondrial P-Tyrosine PCScores2 and State 3 
liver mitochondrial respiration. Measurements were collected from summer active, 
interbout euthermic (IBE), and torpid thirteen-lined ground squirrels.  
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Figure 3.12. Thirteen-lined ground squirrel liver mitochondrial proteins separated via 2D blue-native PAGE for identification 
via MALDI-TOF TOF MS. Purified liver mitochondrial samples from summer active (SA), interbout euthermic (IBE), and torpid 
(T) animals were separated into individual ETC complexes (Fig A.3 and A.4; CI – V) and then separated in the second dimension 
using SDS-PAGE. Numbered arrows indicate protein spots picked for identification via MALDI-TOF/TOF MS (Table 3.1). 
4
8
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Figure 3.13 Phosphothreonine immunoblot analysis of thirteen-lined ground 
squirrel liver mitochondrial proteins separated via 2D BN-PAGE. Purified liver 
mitochondria samples from summer active (SA), interbout euthermic (IBE) and torpid 
(T) animals were first separated into individual ETC complexes (CI – CV; Fig A3) under 
non-denaturing conditions. Individual ETC complexes were then separated in the second 
dimension using SDS-PAGE. Proteins were loaded on an equal protein quantity basis.  
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Figure 3.14 Phosphoserine immunoblot analysis of thirteen-lined ground squirrel 
liver mitochondrial proteins separated via 2D BN-PAGE. Purified liver mitochondria 
samples from summer active (SA), interbout euthermic (IBE) and torpid (T) animals 
were first separated into individual ETC complexes (CI – CV; Fig A3) under non-
denaturing conditions. Individual ETC complexes were then separated in the second 
dimension using SDS-PAGE. Proteins were loaded on an equal protein quantity basis.  
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Figure 3.15 Phosphotyrosine immunoblot analysis of thirteen-lined ground squirrel 
liver mitochondrial proteins separated via 2D BN-PAGE. Purified liver mitochondria 
samples from summer active (SA), interbout euthermic (IBE) and torpid (T) animals 
were first separated into individual ETC complexes (CI – CV; Fig A3) under non-
denaturing conditions. Individual ETC complexes were then separated in the second 
dimension using SDS-PAGE. Proteins were loaded on an equal protein quantity basis. 
  
 
Table 3.1 Phosphorylated thirteen-lined ground squirrel liver mitochondrial proteins identified by MALDI-TOF/TOF MS 
Spot 
Number 
Protein 
Identification 
Molecular 
mass (kDa) 
Phosphoprotein 
residue
+ 
Phosphorylation 
pattern* 
Protein 
score 
C.I. (%) 
Functional 
grouping 
Accession 
number 
1 Prohibitin 2 33.2 Thr, Ser, Tyr - 99.8 Apoptosis
1
 gi6005854 
2 F1-ATPase, α-chain 55.4 Thr SA > (IBE, Tor) 100 OXPHOS2 gi6729934 
3 
Mitochondrial 
Trifunctional 
Protein 
83.3 Thr, Ser, Tyr - 98.4 β-oxidation3 gi54887356 
4 ETC CIII Subunit I 21.3 Thr, Ser - 92.9 OXPHOS
2
 gi17390954 
5 
Ornithine 
Transcarbamylase 
39.9 Ser SA > Tor 99.8 Urea cycle
4 
gi6981312 
6 ETC CIV Subunit II 26.1 Thr, Ser, Tyr - 88.7 OXPHOS
2 
gi14029444 
7 
ETC CII Subunit A, 
Fp 
72.6 Ser - 100 OXPHOS
5 
gi18426858 
8 
Long-chain specific 
acyl-CoA 
dehydrogenase 
48.3 Ser SA > Tor 100 β-oxidation6 gi32130423 
9 CKAP4 52.5 Ser - 87.6 
Signal 
transduction
7 gi19343750 
+: Denotes which residue expressed phosphorylation. Threonine (Thr), Serine (Ser), Tyrosine (Tyr); *: Assessed by PCA of 
densitometric values obtained from SDS-PAGE separated samples. SA (summer active), IBE (interbout euthermia), Tor (torpor); 
1
Kasashima et al. (2006), 
2 
OXPHOS (oxidative phosphorylation) Nicholls and Ferguson (2002), 
3
IJlst et al. (1994), 
4
Langley et al. 
(2000), 
5
Hirawake et al. (1994),
6
Hall et al. (1976) 
7
Zacharias et al. (2011) 
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long-chain acyl CoA dehydrogenase (SA > Torpor; assessed by state-dependent 
phosphorylation PCA). In all instances, SA differed from torpor irrespective of any 
differences between the winter metabolic states, and as such, changes in protein 
phosphorylation are considered to occur in a seasonal pattern, as opposed to a torpor bout 
specific pattern.   
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CHAPTER 4 
DISCUSSION 
 4.1 Mitochondrial respiration among metabolic states 
 The aim of this project was to assess the potential role of post-translational 
protein phosphorylation in regulating changes in mitochondrial respiration during 
hibernation. State 3 respiration was reversibly suppressed during torpor when compared 
with both IBE and SA and the degree of suppression is comparable to previous studies 
(Armstrong and Staples 2010, Brown et al. 2012, Chung et al. 2011, Gehnrich and 
Aprille 1988, Muleme et al. 2006)  
 State 4 respiration is useful insofar as it allows for the determination of the 
respiratory control ratio (RCR; State 3: State 4). RCR is a measure of the degree to which 
substrate oxidation is coupled to ATP synthesis, and more generally an indicator of the 
intactness of mitochondrial membranes. Given the range of RCR (3.48 to 5.85) I 
conclude that the mitochondria purified in this study were well coupled and of sufficient 
quality (Nicholls and Ferguson 2002). 
 4.2 Changes in phosphorylation state among metabolic states 
 The largest metabolic state dependent changes in protein phosphorylation occurs 
in 49 and 41 kDa (P-Thr) and 47 and 38 kDa (P-Ser) proteins. These proteins exhibit 
greater phosphorylation during the summer compared to winter (P-Thr; IBE and torpor) 
and torpid (P-Ser) states. Although the relative density of IBE P-Thr approached a level 
intermediate between SA and torpor, as it does with P-Ser, these differences were not 
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significant. As a result, changes in protein phosphorylation are best described as 
occurring in a seasonal pattern, that is: higher in summer (the SA group) than winter 
(either the IBE and/or torpor groups). Despite observed changes in P-Tyr 
phosphorylation, these changes did not occur in a seasonal pattern (i.e., no significant 
difference among metabolic states).  
I predicted that mitochondrial protein phosphorylation plays a role in altering 
mitochondrial respiration during torpor bouts based on the pattern of mitochondrial 
respiration observed among metabolic states (Fig 3.1). That protein phosphorylation and 
mitochondrial O2 consumption occur in different patterns (seasonal and MR-associated 
respectively) among metabolic states was the first indication that changes in 
mitochondrial protein phosphorylation may not be one of the mechanisms that regulates 
mitochondrial respiration. This was confirmed by the absence of a significant correlation 
between State 3 respiration and protein phosphorylation (i.e., phosphorylation of 
individual protein M.W. bands) among metabolic states. Although changes in protein 
phosphorylation do not correlate with succinate-fuelled State 3 respiration, the observed 
changes may nonetheless be related to the regulation of mitochondrial respiration during 
hibernation. Previous research focusing on the hibernating thirteen-lined ground squirrel 
liver metabolome (Nelson et al. 2009, Serkova et al. 2007), plasma proteome (Epperson 
et al. 2011), and cardiac phosphoproteome (Grabek et al. 2011) observed that when 
changes do occur, they fall under the framework of what has been described as the ‘Two-
Switch’ pattern of hibernation (Fig 4.1, Serkova et al 2007).  
 The Two-Switch pattern describes hibernation as a cycle of torpor bouts within a 
larger seasonal cycle. This construct recognizes that hibernators must undergo 
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preparatory changes prior to winter in order to express the hibernation phenotype and, 
like any non-hibernating mammal in winter, cope with low Ta and high Tb during IBE. 
My experimental design, comparing summer animals that cannot hibernate with winter 
animals that cycle between torpor and euthermia allowed me to observe the resultant 
effects of changes in protein phosphorylation without being limited to torpor-arousal 
cycles. In instances where mitochondrial protein phosphorylation changed among 
metabolic states, I observed seasonal (i.e., SA differs from one or both winter states) 
switches. These changes may be required for hibernators to express the winter phenotype. 
With regard to changes in the cardiac phosphoproteome, Grabek et al. (2011) observed 
that a dephosphorylation in Cofilin 2 (responsible for actin turnover) occurs during 
torpor. This change in phosphorylation is hypothesized to act as an ATP conservation 
mechanism. Similar seasonal patterns have been demonstrated in proteomic studies of I. 
tridecemlineatus brainstem with some of the greatest changes occurring in proteins 
required for energy homeostasis (e.g., increased pyruvate dehydrogenase, isocitrate 
dehydrogenase, and α-ketoglutarate dehydrogenase during torpor; Epperson et al. 2010). 
Additionally, thirteen-lined ground squirrel metabolomic studies demonstrate seasonal 
changes that are indicative of a fuel switch toward lipid metabolism (e.g., increases in 
plasma cholesterol during the winter, Epperson et al. 2011; increased β-hydroxybutyrate 
concentration during winter states Serkova et al. 2007). Taken together with my data, 
these studies present the possibility that a seasonal switch in phosphorylation state may 
play an important role in allowing hibernators to undergo bouts of torpor 
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Figure 4.1 Two-switch model of hibernation. Seasonal switches (i.e., summer and 
winter) are indicated by different background colors (white and grey respectively). 
Changes during bouts of torpor are shown within the winter season (SA: summer activity, 
IBE: interbout euthermia; modified from Serkova et al. 2007). 
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Although there was no significant correlation between State 3 respiration and 
state-dependent phosphorylation (i.e., PC2), it is critical to recall that all mitochondrial 
respiration measured in this study was fuelled by succinate (a substrate of ETC complex 
II). Thus, I cannot rule out the possibility that the absence of a correlation is due to a 
limited scope of oxidative phosphorylation substrates. I chose succinate as a substrate 
because of the suppression of mitochondrial respiration observed during torpor (Fig 1.2). 
Brown et al. (2012) and Muleme et al. (2006) have demonstrated that the suppression of 
State 3 respiration fuelled by other substrates (e.g., pyruvate, and β-hydroxybutyrate) is 
not as large as those observed with succinate. These substrates (linked to ETC complex I) 
nevertheless represent integral parts of mitochondrial respiration, which is comprised of 
substrate oxidation pathways as well as the components that feed into and out of this 
pathway, and as a result deserve attention.  
 4.3 Changes in protein phosphorylation: a functional role 
 Putatively identified phosphorylated proteins that were observed to change in a 
season-dependent pattern were ornithine transcarbamylase, the F1-ATPase α-chain, and 
long-chain specific acyl-CoA dehydrogenase. The relationship between State 3 
respiration and changes in state-dependent phosphorylation does not support my 
hypothesis that suppression of mitochondrial respiration results from changes in 
phosphorylation state of mitochondrial proteins. However, changes in phosphorylation of 
other mitochondrial proteins may still play a role in altering mitochondrial function in 
hibernation. Recall that the ETC and maintenance of a proton gradient are required for 
oxidative phosphorylation. However, substrate levels and the sourcing of these substrates 
can play a large role in regulating mitochondrial respiration (Voet et al. 2006). Due to the 
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double-membraned (outer and inner) nature of the mitochondria, the complexity of 
transporting compounds across these membranes, and the localization of specific proteins 
to certain sub-organelle regions (e.g., matrix) the importance of substrate availability in 
altering mitochondrial respiration should not be discounted. 
 Hibernation-specific fuel usage, which includes a shift away from protein and 
carbohydrate metabolism during winter, has been repeatedly demonstrated with 
metabolomic and proteomic studies (Epperson et al. 2010, Nelson et al. 2009, and 
Serkova et al. 2007). It may be the case that my observed changes in phosphorylation are 
linked to seasonal shifts in fuel usage. The effect of phosphorylation of ornithine 
transcarbamylase, a mammalian urea cycle enzyme, has, to my knowledge, not been 
studied. Nonetheless, plasma metabolomics have demonstrated higher circulating [urea] 
during summer in I. tridecemlineatus (Epperson et al. 2011). While protein metabolism 
does not typically represent a large fuel source for mammals, protein catabolism 
nevertheless occurs and requires unique enzymes to take place (e.g., ornithine 
transcarbamylase). In mammals, protein catabolism involves the process of deaminating 
amino acids, thereby liberating the carbon skeleton (which can be used as an energy 
source) and ammonia (which is toxic at high concentrations and must be eliminated). Due 
to the high water cost of excreting ammonia, mammals utilize the urea cycle in order to 
reduce water loss. Given that fuel shifts away from protein metabolism are known to 
occur during the winter hibernation season, a concomitant decrease in the activity of urea 
cycle enzymes (perhaps mediated by phosphorylation) might be predicted to occur.  
Much like ornithine transcarbamylase, the F1-ATPase α-chain changed its 
phosphorylation state in a season-dependent fashion (i.e., SA > [IBE, Torpor]). This ETC 
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complex V subunit is one of two subunits directly responsible for the catalytic synthesis 
of ATP. Although changes in the phosphorylation state of the F1-ATPase α-chain have, 
to the best of my knowledge, no currently defined functional role, differences in the 
activity of the ADP phosphorylation system (i.e., ATP synthase, the adenine nucleotide 
transporter, and the phosphate transporter) have been demonstrated between IBE and 
torpor in I. tridecemlineatus, though no specific mechanisms were investigated (Brown et 
al. 2012). Although speculative, I hypothesize that seasonal changes in the 
phosphorylation state of the F1-ATPase α-chain permits torpor bout-specific changes in 
ADP phosphorylation kinetics.  
 It is well-established that hibernators undergo a seasonal fuel shift during winter 
away from proteins and carbohydrates and toward lipids (reviewed by Andrews 2007, 
Carey et al. 2003) As such, my observed changes in mitochondrial protein 
phosphorylation may help to explain how these shifts are regulated. In the same study 
that demonstrated a fuel shift away from protein metabolism, Epperson et al. (2011) 
showed that plasma metabolite concentrations were indicative of increased lipid usage in 
winter states (e.g., increased palmitic acid during torpor). Given the seasonal shift (i.e., 
SA > Torpor) in long-chain acyl-CoA dehydrogenase (LCAD) phosphorylation, it is most 
likely that this change is necessary in order to shift fuel usage toward lipid metabolism. 
Although the literature is sparse in demonstrating changes in phosphorylation of LCAD 
(which catalyzes the first step in β-oxidation) other members of the protein class (e.g., 
very long-chain acyl-CoA dehydrogenase) show changes in phosphorylation state that 
correspond to changes in activity. Studying medium-chain acyl-CoA dehydrogenase 
isolated from pig kidneys, Macheroux et al. (1997) observed that reversible 
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phosphorylation does occur, but were unable to assign a functional role to these changes. 
Kabuyama et al. (2010) demonstrated that serine-dependent phosphorylation of very 
long-chain acyl-CoA dehydrogenase is required for proper β-oxidation and mitochondrial 
electron transfer ability. In their study of the hibernator liver proteome, Epperson et al. 
(2004) observed a small but significant increase in LCAD during the winter state. This 
increase reflects the increased lipid metabolism known to occur during the hibernation 
season; however, changes in phosphorylation state as well as an increase in LCAD may 
afford hibernators greater control over β-oxidation during torpor. With the ability to 
reversibly phosphorylate this larger enzyme pool, hibernators can, in theory, regulate 
lipid metabolism over a greater range compared to SA. 
 Although changes in LCAD phosphorylation are most likely related to shifts in 
fuel use during hibernation, they may also impact mitochondrial metabolism. Pande and 
Blancher (1971) demonstrated that long-chain acyl-CoA esters inhibit rat heart 
mitochondrial respiration, possibly through inhibition of the adenine nucleotide 
translocase (the mitochondrial ADP/ATP antiporter). Additionally, Ventura et al. (2005) 
demonstrated that a buildup of long-chain acyl-CoA esters inhibits succinate and 
glutamate transport in rat liver mitochondria. Lerner et al. (1972) previously 
demonstrated that the inhibitory function of long-chain acyl-CoA esters on liver 
mitochondrial function occurs in thirteen-lined ground squirrels in hibernation. The 
changes I have observed in phosphorylation state of LCAD may contribute to the 
suppression of mitochondrial respiration during hibernation and make it a line of 
investigation worthy of study. 
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4.4 Conclusions and future directions 
 I demonstrated that although changes in phosphorylation do occur in 
mitochondrial proteins, these season-dependent (i.e., SA > [IBE, torpor]; or SA > torpor) 
changes do not have any overtly apparent effect on suppression of succinate-fuelled 
mitochondrial respiration during hibernation. Specifically, I have shown that 
phosphorylation changes occur seasonally, likely as part of a ‘Two-Switch’ hibernation 
system, and have speculated that these changes may contribute to suppression of 
mitochondrial respiration during torpor through upstream effects on substrate availability. 
 In light of this project’s findings, future work should elucidate the mechanism that 
accounts for suppression of succinate-fuelled mitochondrial respiration. The biochemical 
interactions of the mitochondria are complex and highly interdependent; consequently, 
expecting to discover a ‘silver bullet’ that can account for changes in mitochondrial 
respiration during hibernation will be difficult. Nevertheless this project leaves many 
options for future work, such as other forms of post-translational modification of 
mitochondrial proteins associated with respiration (e.g., acetylation, glycosylation). 
Having established that changes in phosphorylation do occur, it will be necessary to 
confirm my putative protein identities. This can be accomplished with immunoblot 
analyses with antibodies specific to the F1-ATPase α-chain, ornithine transcarbamylase, 
and LCAD. Once confirmed, changes in phosphorylation state of these proteins will need 
to be assigned a functional role. An in vitro manipulation of phosphorylation and an 
analysis of the resultant enzyme activity in different metabolic states will be necessary in 
order to achieve this goal.  
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This project is the first attempt at characterizing liver mitochondrial protein 
phosphorylation during hibernation. Phosphoproteomics is still a relatively young and 
emerging field with the potential to improve links between described patterns and 
functional biological changes. It is my hope that future work will use these advances 
(e.g., two-dimensional difference gel electrophoresis) to build upon this project’s findings 
in order to determine how mammalian metabolic suppression is achieved during 
hibernation. 
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Appendix A) Supplementary PCA data 
A.1 Modified P-Threonine PCA Supplementary Information 
 
Figure A.1 Comparison of Modified P-Threonine Total Phosphorylation (Principal 
Component 1) and State-Dependent Phosphorylation (Principal Component 2). 
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Table A.1 Total Variance Explained (PCA of Modified P-Threonine) 
 
Component Eigenvalue % of Variance Cumulative % 
1 2.154 53.859 53.859 
2 1.398 34.958 88.817 
3 .291 7.264 96.081 
4 .157 3.919 100.000 
 
Table A.2 Correlation Coefficients (PCA of Modified P-Threonine) 
 
Protein Principal Component 1 Principal Component 2 Principal Component 3 
Thr 49 kDa .803 -.504 -.210 
Thr 41 kDa .701 -.630 .274 
Thr 37 kDa .783 .519 -.279 
Thr 26 kDa .637 .691 .306 
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Figure A.2 Scree Plot Derived from the Principal Component Analysis of the 
Modified P-Threonine Data Set. 
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A.2 P-Serine PCA Supplementary Information 
 Figure A.3 Comparison of P-Serine Total Phosphorylation (Principal Component 
1) and State-Dependent Phosphorylation (Principal Component 2).  
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Table A.3 Total Variance Explained (PCA of P-Serine) 
 
Component Eigenvalue % of Variance Cumulative % 
1 4.481 56.018 56.018 
2 1.536 19.204 75.222 
3 .835 10.443 85.665 
4 .590 7.369 93.034 
5 .269 3.358 96.392 
6 .178 2.226 98.619 
7 .103 1.283 99.901 
8 .008 .099 100.000 
 
 
Table A.4 Correlation Coefficients (PCA of P-Serine) 
Protein 
Principal 
Component 1 
Principal 
Component 2 
Principal 
Component 3 
Ser 86 kDa .700 .134 -.650 
Ser 63 kDa .882 .273 -.099 
Ser 47 kDa .480 .718 .019 
Ser 42 kDa .865 .011 .305 
Ser 38 kDa .772 .404 .440 
Ser 34 kDa .849 -.314 -.261 
Ser 26 kDa .765 -.444 .035 
Ser 21 kDa .577 -.685 .215 
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 Figure A.4 Scree Plot Derived from the Principal Component Analysis of the P-
Serine Data Set. 
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 A.3 P-Tyrosine PCA Supplementary Information  
 Figure A.5 Comparison of P-Tyrosine Total Phosphorylation (Principal 
Component 1) and State-Dependent Phosphorylation (Principal Component 2).  
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Table A.5 Total Variance Explained (PCA of P-Tyrosine) 
 
Component Eigenvalue % of Variance Cumulative % 
1 1.839 45.968 45.968 
2 1.612 40.302 86.270 
3 .350 8.745 95.015 
4 .199 4.985 100.000 
 
Table A.6 Correlation Coefficients (PCA of P-Tyrosine) 
Protein 
Principal 
Component 1 
Principal 
Component 2 
Principal 
Component 3 
Tyr 66 kDa .889 -.195 -.380 
Tyr 48 kDa .912 .235 .156 
Tyr 36 kDa .294 .895 .220 
Tyr 28 kDa .360 -.847 .364 
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 Figure A.6 Scree Plot Derived from the Principal Component Analysis of the P-
Tyrosine Data Set. 
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Appendix B) Unmodified P-Threonine data set 
B.1 Unmodified P-Threonine Principal Component Analysis 
Figure B.1 Unmodified P-Threonine PCscores2 of mitochondria isolated from 
summer active, interbout euthermic (IBE), and torpid thirteen-lined ground 
squirrels. Data were derived from a densitometric comparison of liver mitochondrial 
proteins with phosphorylated threonine residues. 
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 B.2 Unmodified P-Threonine PCA Supplementary Information 
 Figure B.2 Comparison of Unmodified P-Threonine Total Phosphorylation 
(Principal Component 1) and State-Dependent Phosphorylation (Principal 
Component 2).  
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Table B.1 Total Variance Explained (PCA of Unmodified P-Threonine) 
 
Component Eigenvalue % of Variance Cumulative % 
1 4.373 62.465 62.465 
2 1.449 20.698 83.163 
3 .564 8.050 91.213 
4 .313 4.475 95.688 
5 .137 1.955 97.644 
6 .109 1.560 99.203 
7 .056 .797 100.000 
 
Table B.2 Correlation Coefficients (PCA of Unmodified P-Threonine) 
Protein 
Principal Component 
1 
Principal Component  
2 
Principal Component 
3 
Thr 62 kDa .920 -.078 -.233 
Thr 57 kDa .903 -.163 -.316 
Thr 49 kDa .853 -.458 -.107 
Thr 41 kDa .709 -.544 .290 
Thr 37 kDa .740 .586 .022 
Thr 29 kDa .785 .195 .549 
Thr 26 kDa .562 .727 -.111 
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 Figure B.3 Scree Plot Derived from the Principal Component Analysis of the 
Unmodified P-Threonine Data Set. 
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Appendix C) Animal use ethics approval 
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